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CREEP OF 2618 ALUMINUM UNDER STEP STRESS CHANGES
PREDICTED BY A VISCOUS-VISCOELASTIC MODEL

by

James S. Lai and Will iam N. Findley

ABSTRACT

Nonlinear constitutive equations are developed and used to predict from

constant stress data the creep behavior of 2618 Aluminum at 200°C (392°F) for

tension or tors ion stresses under varying stress history including step-up ,

step-down, and reloading stress changes .

The strain in the constitutive equation employed includes the following

components: linear elastic , time-independent plastic , nonlinear time-dependent

recoverable (viscoelastic ) , nonlinear time-dependent nonrecoverable (viscous)

positive , and nonlinear time-dependent nonrecoverable (viscous) negative . The

modif ied superposition principle , derived from the multiple integral represen-

tation , and strain hardening theory were used to represent the recoverable and

nonrecoverable components , tespectively, of the time-dependent strain in the

constitutive equations. Excellent to fair agreement was obtained between the

experimentally measured data and the predictions based on data from constant-

stress tests using the constitutive equations as modified .
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INTRODUCTION

The creep behavior of metals under changing stress- -especially changes in

state of combined stress and stress reversal--has received little experimental

observation. Mathematical expressions emp loyed , such as strain hardening or

viscoelastic models , usually are unable to describe the detail of creep behavior

under changes such as the above. References to prior work in this area are

given in [1].

In a previous paper [lJ the authors described a viscous-viscoelastic model

in which the strain was resolved into five components: elastic ~
e 
, time-

independent plastic c~ , positive nonrecoverable (viscous) ~~~~ negative

nonrecoverable (viscous) 
~~eg ’ 

and recoverable (viscoelastic) 1Ye con-

ponents. From creep and recovery experiments under combined toasion and torsion,

the time and stress dependence of these components were evaluated for constant

stresses. Constitutive relations for changes in stress state also were discussed

in [1].

In the present paper , constitutive equations for changes in state of com-

bined tension and torsion are developed and used to predict, from the relations

determined from constant stress tests in (11, the creep behavior under abrupt

step-up and step-down changes in tension or torsion. TLse results are compared

with experiments reported in [2J and with new experiments described in the

following pages. Future work will consider abrupt changes in the state of

combined tension and torsion , stress reversal relaxation and simultaneous creep

and relaxation.

II



MATERIAL AND SPECIMENS

An aluminum forging a l loy  2b18-Thl was employed in these experiments.

Specimens were taken from the same lot of 2-1/2 in.  diameter forged rod as used

in [1] and the same lot as specimens I) through Ii in [2J . Specimens were thin-

walled tubes having outside diameter , wall thickness and gage length of 1.00,

0.ObO and 4.00 inches respectively. A more complete description of material

and specimens is given in [1).

EXPERIMENTAL APPAR ATUS AND PROCEDURE

The combined tension and torsion creep machine used for these experiments

was described in [3J and briefly in [lJ . The temperature control and measure~

meat employed was described in tl ,-’I. Stress was produced by applying dead

weights at the end of levers. These weights were applied by hand at the start

of a test by lowering them quickly but without shock. The time of the start of

the test was taken to be the instant at which the load was fully applied . In

the present experiments changes in loading were made at intervals during the

creep tests. The load changes were accomplished by hand in the same manner.

Strain was recorded at the following intervals following a load change: every

0.01 h to 0.05 1*; every 0.02 h to 0.1 h; every 0.05 h to 0.5 h; every 0.1 h to

1.0 h; and every 0.2 h to 2.0 h. Al l experiments were performed at 200’c (392 F).

C O N S T I I U T I V F  EQt~ATft)N-~ I ~~ CU~ Sl ’ -~~ F STRI Sc

In  t h i s  paper as in t he  prey iou~. one f i t h e  st r ~S i t i  was resolved i n t o  f i v e

components : . , • t - 
, .snd $ .is def I ned in  t h e  i nt roduct ton .

pos neg

The e J . is t  ic  s t r a i n  ~ w- i~ determined fi’oi i i  t he  e L t s t  Ic eonst~tnts at the test

temperature . In [ I  t h e  e l . i ’.t Ic c o n s ta n t s  ~t 2O~ °C (392 ° F )  we re determined

ind i r e c t ly  from creep t e st  d~~t ,L w t h he 1o I l o w i n g  r e s u l t s
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I • b.S 10~ MPa (9.43 l0~ psi )

• ..4~ 10~ Ml’a (3 .57  10~ psi)

v • 0 . 3 2 1

where I • • end v are the e l a s ti c  modulus , shear modulus and Poisson ’s

ratio respectively.

As noted in (11 plasti c strains were essentially iero in the creep

tests performed and c reep at c o n . t a n t  stress was well represented by a power

tun ~.t i o n of t im e

0 • fl
t • t  • I t . ( 1)

t~t i _I 1j

where the time-independent strain ~.
° and the coef tict ent of the  t ime-dependent

strain terms ~ we re j u n c t i On s  ot stress and n was a constant . It was a l so
1 1

shown in [11 that the nonr ec over able  t~~(t) and recoverable ve
(~ ) components

of t ime-dependent stratt~ could  e~ c Ii  t ’e represented b~ a power func t i on  ~f time

with the s~~ e exponent n . \ ( s o  i t wa~. shown that the ratio K of the

~oet tic tent of the recoverable time-dependent and nonrecoverablc t ime-dependent

strains could be taken .&~~ a c o n st an t . thus , under a constant stress

• [1 ( t s R )  j t ” , ( 2 )

— I 1~/ i 1~~~~] • 
t” . 3)

1)

I t i  t !~e i~re~ 
I o t i s  ~~ k Il~ . t ! I~ ~~~~ ‘~~~~is  t~~ii nJ t h e  t I s -~Ie~’~itjeitt st  r , , iii

he iii .i t ( 1 1  .11 tit id e I S i  11t t .t 
~~‘ ~ ~‘‘~ ‘~ ~: 

.in1l e. ~‘‘~ t ’ i t ~ ~~ I I desc c lied ~~ t he

ot  low  ii~ t ~~~~ I~~~ t I , $  t t ’n s t 1 ~fl~
5 ~ e i t ~ ic~ ‘t i  ii s .1 1 s t  i i i  .t t i j  ~‘ t t  re s ~ie .t  r

~~ t t I I $  ~

• 1 I ~~~~~ • I 
:‘~~~~

‘ 

~ 
~~~~~~~~~ 

• • ,

I
I
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5 ( t )  i t )  + ( ( ~ .

the non l inea r  re ’ t a t  on sh ip  of • and in and was derived from a t h i r d

order m u t t  i p le i n t e g r a l  represent  .tt ion [4. ~ 
j . In  (4 )  and (5 )  o * , i * are the

cree p l i m i t s  in  pure  t e l l s  ion  and pure tors ion re spect i v el y  . where ~ — o ~ or t — t ~~

are :ero for —o ~ ~ o ~~~~~~~~ or — t ~ ~ ~~ respect ive lv . The creep l im i t  d e f i nes

ta s t ress  be low wh ich c reep appears to he zero or very  s m a l l .

Separat ing n onre c overab l e  and r ecoverable  ‘~ st rain components according

to ( 2 )  , (3)  and u s I n g  ( 4 )  , ~S) the  t im e— d epe n dent  parts t ’ and ~“~‘ for creep

under cons tan t  t ens ion ~ and tor s  ion i ~~~ he represen ted  1w the  f o l l o w i n g  
p

et luat ions
ye K n

t
i !  

i t )  I ( o  ~~~~~~ t , (ti )

t~~~~~ , ( t )  ~ ~~~~~~~~~~ 
(‘~( t — i ~~) t~

:;~ ~t )  ~~ 1 ) }:~~~,_ ,*)  t~ •

12 ~~~ = 
~~~~~~~~ ~~ — 

~~~~ ) t” (9’)

where F~ (;~ ~ * , K and n are the  v a l u e s  de termined from cons tan t  t ens ion
1 1

and t o r S io n  creep t e s t s  as  reported ear l  i cr  L I I  and shown in Table

The rat ionale  for sep ar at  ing  the  t ime—dependent  St r a in s  in to  nonrecoverah l  e

St r a i n  and recoverable  strain •
“ was bas ed on the  a ssumpt ion that  i-ecoverv

resu l ted  from r ecoverab le  s t r a in  accumula ted  dur ing  creep . Thus c~~ was

de termined  from reco vei - v da t  a for the m a t e r i a l  in a set of constant  s tress

t in format ion  obtained a f t e r  complet ion of t h i s  work ind ica ted  that  there was
creep below the creep l i m i t , bitt at a much lower ra te  than above the creep
l i m i t .

~~~~.. ~~~~~~~~~~ - - — - - 
—

~~



- -

creep and recovery tests as reported in  [ 1J .  L ” was determined from creep

tests by subtracting strains due to ,ve as described in [1J . Under time-

depende nt stress inputs , including step changes , other considerations are re-

q~ i retl in addition to (e~)-~9) for predicting Y and . These considera-

tions will be presented in the next section .

CONSTI11JTIVE EQUATIONS FOR VARIABLE STRESS

Creep behavior is dependent on the past history of stress (or strain).

History dependence can he incorporated in the multi ple integra l representation

[4,5] for a recoverable-type material. Unfortunately, the experimental diffi-

culty of determining F. , G. to comple te ly  cha rac t e r i ze  a given material is

almost insurmountable [SJ . Furthermore , as pointed out by Wang and Onat [b ,7],

hi gher order term s beyond the thi rd  order of the m u l t i ple integra l representation
N

appeared to he requ i red t o  desc r ibe  creep of m e t a l s  under mult ip le step loadi”gs

wi th  sufficient accuracy . in the following , constitutive equations are developed

to describe and ~ve 
under time-dependent stress history .

Constitutive &ation for

In [5], it was shown that the multi p le integra l representation and various

simplified forms can be used to describe creep behavior of recoverable t ype

i.iteri.i l under yariab le s t r e s s .  Arnong the \‘.i l ’ i O t i s  s i r i p l i f i e d  forms , the modifi ed

sup e r p o s i t i o n  p r i n c i p l e  (M SP ) [ S i  has heeti shown t o y i e l d  sat  i s f ~I I _ ’t o r v  r e s u l t s .

Thus • t he  modif ied super~$o~ i t  t on  p1’ i f l C  i p l t ~’ w i l l  ht’ used here  to describe the t i m e —

dependent reco~ e rab Ic st ra in $ 
~~~ ‘

The modi fIed superpos i t  i on p r i n c i p l e’ has the effect of reduc i ng mit i t  I p i t ’

i n teg r a l s  to  si n g l e  i n t e g ra l s . The mod i fied Superpeisit ion pr inciple cons i~1crs

tha t  f o l l o w i n g  the first change’ in st res~ at  t t ine ~ I from 
~

‘ to 
~

‘ , the creep

I
I

______________________________________ —~~ s•~s~~~~~~~~~_ .__. — .——~~ ~ -_ - _ _  —-—- — __ ~~ — _‘— 
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strain is the sum of: the s t r a in  which would have resulted had the original

stress o
~ 

continued unchanged ; plu s  the s t ra in  (nega t ive )  which  would

have resulted from an equal but opposite stress (-a 1) applied at t 1 to an

untested specimen; p lus the strain which would hav e resulted from applying the

new stress 0
2 

at t 1 to an untested specimen . Thus , if the strain at con-

stant stress is given by

£ f(a ,t) (10)

the strain from N step changes in stress from a. to a. at time t. is
i—I 1 1

given by
N

c ( t )  = 

i—O 
[f(a

~
,t_t

~
) — f(c~~ 11 t_t~~1)]  

. (11) p

The modified superposition principle for a continuously varying stress may be

expressed as follows by considering the limiting case as the steps in Ch ) tend

to an infinite number of infinitesima l steps of stress,

c(t) J 3f [ o (~ )~ t4]  
~

(
~

) d~ . (12) 
1’.

Applying (11) to the following series of three steps in tension a (or

torsion r) stress:

a
1

(’r
1

) for 0 < t < t
1 , o 2 (’t 2

) for t
1 

< t < t
2 

and a~~(r~ ) for t.~ < t

yields the following by inserting (6) and (7) in (11). The time-dependent

recoverable strain ~
ve following the third step is given by

c~~(t) = (~~~ ){F (a 1) [ t~ -( t - t 1)~~]

+ F ( a 2 ) [(t-t
1)~~

-(t-t2f’] (13)

+ F(a
3
)(t-t2)~~

} , t
2 ~ 

t



= (
1~~~

) { (
~~(t 1 

) [t - ( t t
1

) ]

+ G(~~)) [(t-t 1)
T1
- (t-t ,)

11
] (14)

+ ( ;( 1 3)  ~t -t ,)~~} , t 2 t

where the s t r ess  f u n c t i o n s  F ( o~~) and G ( T . )  r epresent  F (o~~
_ e *) and

and art’ g iven  in (4)  and (5 )  .

For a ser ies  of m s teps in s t ress  the  shearing s tr a i n  ~~~~~~~ for  exan p ie ,

f o l l o w i n g  the  m - t h s tep , has  the  fo r m :

= (1-~~~ ) { G ( T
1

) [t~~~~( t t )~~ ] + . . .

+ G ( t
1

) [ ( t - t ,)~~ - ( t - t )~~~) ( 1 5)

+ G ( T  )(t-t )
fl
) , tm rn - i rn - i

Now , i f  
~~ , o .  (o r  , i .,) are greater than o~ (or 1*) r e spec t i v e ly  and

i f  
~~ 

(o r t 3 )  in the t h i r d  step i s  less  than  the s t resses  o . (o r t~~) r e sp e c ti v e l y

in the second step , then according to (13) [or ( 14fl both and w i l l  show

p a r t i a l  recovery if c~ (or -. t * ) .  Also , whenever 03 ~ a~ (or 13 ~ t *)
‘1

(including 03 • 0), then the tine-dependent strains will exhibit the same

recovery as from complete unloading . The validity of this prediction will be

explored later in this paper.

Cons t i t u t ive Fguat ion  for ~‘

S t r a i n  ha rden ing  is t aken  to he appl icable to the nonrecoverab le  strain.

The relations employed were derived as follows . Consider the axial strains as

an example. The derivative of (81 yiel ds the axial strain rate ~~j 1
( t)

-
‘ — 

7 1 -
‘ 

n— i
— 1 l ~ 

— 
l+R ~ ( ~

—— -- —  - — - .—— ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Eliminating t between (8) and (16 )  y i e l d s

‘
~1

(l+R) ri~l ( l+R ) 1hu hh( 1
~

l)

F( o ) — 

[n~~(o~ J
from which

‘V rt~A L  i I~~i O j  -,g n I

(
V )

1_ (h/n) L l+R
11

~4i1tiplying both sides of (17) by dt and integrating yields

- ~ ~~{F[a (~~) J ) ~~’~~ d
~1 . (18)

In (18) it has been assumed , in accordance with the usual strain hardening

concept, that the same function F(o) applies for variable stress F(o(~)]

as for constant stress F [iJ

For step changes in s tress , such as the series of three steps given above,

the axial strain in the third step may he found from (18) by employing the

Dirac delta function as follows:

c~ 1(t) 
= 1-~~~[F(o1 )J 1”~(t1) + [F(o ,) ] 11

~~(t~~-t 1)

+ [F (o 3 ) )~~~~(t - t , ) }~ , t2 
< t . 

( l~~)

Similarly the shearing strain c~ 2
( t) may be found as fo l lows

c12(t) = ~~~{1G(T1
)] h/n

(~ 1) 
+

1/
+ [G(i 3)] (t-t~~) }  , t2 < t

For a series of m steps in stress , the shearing strain , for example, has

the form

—
~~~

-— . -. . .  ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~-———~~~~~~~~ .
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c~2
(t) = 14~~[G(T1

)} lI’n(t 1
) +

1/n H
+ [G(t 1) J  (t

1
— t

2 ) (21)

+ [G(T ni)]
l/i

~(t_t r n l ) tm i  < t

where F(0.) and G(i~) represent F(o. o # )  and G ( r ~ _ .r *) ,  see (4) and ( 5 ) .

Total Strain:

The total strain following a series of steps or jumps in stress is found by

adding to the elastic strain corresponding to the stresses existing at the time

of interest the recoverable s~rain given by (13) or (14) and the nonrecoverabi.e

strain (19) or (21) for axial strain or shear strain , respectively.

The above approach [the viscous-viscoelastic theory (VV)] was employed to

calculate the creep behavior corresponding to several complex stress histories

and compared with actual results in the following section.

In addition , the strain hardening theory alone (SIJ) as described by (21)

was employed also to predict the total creep strain. In this case the coeffi-

cient in (21 ) was replaced by unity and ~
ve was taken to be zero.

EXPERIMENTAL RESULTS AND COMPARISONS

Using the material constants in (2) , (3) , (4) , and ( 5 )  determined from

constan t stress creep and recovery tests as described in [1] and given in Table

I , creep resulting from step-up , step-down am1 recovery stress change experiments

were predicted using the procedures described above. The results were then com-

pared with corresponding experimental results as shown in Figures 1 through 4.

The experiments consisted of tension or torsion creep tests in which abrupt

changes in load were made at intervals. Several types of load changes often

were made in the same experiment. In the following the predictions for similar

types of load changes are compared with experiments rather than discussing the

I
A ~~~ ~~~~
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results of each testing sequence. The predictions based on (l3) , ( 1 4 ) ,  (19) and

(20), the viscous-viscoelastic (VY) theory , are shown as dot-dash lines. The

short-dash lines represent the predictions based on strain hardening (SH) alone.

The solid lines represent the predictions based on modifications of the viscous-

viscoelastic (14W) theory which are discussed in later paragraphs. In Fig. 1-4

omission of the dot-dash line or the dash line for any period indicates that the

prediction based on the omitted theory is the sam e as that represented by the

solid l ines.

Step-up Experiments:

Step-up experiments are shown in Fig. 1 through 4. In Fig. 1 there is a

sequence of two upward steps following the first period of creep. An upward

step was preceded by a downward step to zero stress in Fig. 2 and 3. A small

stress reduction preceded the step-up in F ig .  4.

(VV) Theory:

Except for a ver t ica l  disp lacement , the agreement between experiment and

creep predicted by the (W) theory is excellent for the second period in Fig. 1.

During the third period the actual creep rate was somewhat greater than pre-

dicted by the (VV) theory and there was more of a “primary” type creep (greater

rate of change of slope) than predicted.

The third period in Fig. 2 (involving reloading to a higher stress than the

first loading) shows excellent agreement between the prediction of the (VV)

theory and the test data taken from [2J . The third and fourth periods in Fig.

3A consist of reloading to the same stress as the first after a period at zero

stress and then a step-up in stress. Again there is excellent agreement between

data and prediction of the (VV ) theory. The experiment in Fig. 4 involves creep

at one stress followed by a small rpduction in stress and then a reapplication

of the same stress. In  the third period the character of the creep curve and

..— .-,.-‘---
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that predicted by the (VV ) theory differ in that the primary-type behavior pre-

dicted at the start of the period was not observed . Also , the rate of creep was

greater than predicted .

(~H) Theory:

For step-up experiments the predictions using the strain hardening (SH)

theory are about the same as that of the viscous-viscoelastic (VV) theory. For

the first period of loading , both theories yielded identical results. in Fig.

1, periods 2 and 3, and Fig. 4, period 3, the results from the strain hardening

(SH) theory are somewhat closer to the test data than the (VV) theory. In

Fig. 2, period 3, and Fig. 3A , period 4, the reverse is true. In Fig. 1 the

primary type behavior of the (VV) theory at the start of the period is not found

in the (SH) theory .

Recovery (Complete Unloading):

Recovery following unloading to zero stress is shown in Fig. 1 through 4.

Agreement between the experimental data and the prediction of the (VV) theory

is very good for all experiments except for small vertical shifts in Fig. 1 and

4. In all cases the shape is satisfactorily predicted .

Similar results were also found for recovery following three tests having

complex histories of combined tension and torsion (to be reported later). The

recovery data in the second period of Fig. 2 and 3 is not a prediction , however ,

as these data were used in [1] as input in obtaining the constants in Table I.

In Fig. 1 and 4 the recovery shown in periods 6 and 4, respect vely, fo l lowed a

complicated history of changes in magnitude of s t re ss .

Predictions of recovery from the strain hardening (SH) theory in all cases

are incorrect. The strain hardening theory predicts no recovery upon complete

unloading , although the experimenta l .!ata in all cases show time-dependent

recovery as predicted by the viscous-viscoelastic (VV) theory.

— - 
~— . -
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Step-down Stress Chang e (Partial  Un 1oadi~j ) :

Step-down experiments involving partial unloading are shown in Fig. 1 at

periods 4 and 5, Fig. 3B at periods 5 through 8, and Fig . 4 at period 2. The

changes in stress are about 17% in Fig. 1, 10% in Fig. 3, and 7% in Fig. 4. In

all of these cases the prediction based on the (W) theory showed a recovery-type

of behavior , that is, a negative slope of the creep curve with a gradually re-

ducing rate. In Fig 4. at period 2 the gradually reducing rate was reversed in

the middle of the period . However , in every instance the observed creep behavior

showed no negative rate , but a nearly constant small positive rate. On the other

hand, as noted above, complete unloading to zero stress resulted in a recovery

type curve (negative creep rate) in both the observed recovery and the predic-

tion from the (W) theory.

The prediction based on the (511) theory for the step-down experiments

showed a small positive rate which was quite similar to the form of the observed

creep behavior. In Fig. 3 periods & through 8 the predictions for both (W) and

(SH) theories were about the same.

Discussion:

The following features of the above results were floted. (a) The strain

hardening (SR) theory did not predict the recovery observed on complete r~~ova1

of a stress component . (b) The creep rate following an increase in stress in

all cases was somewhat greater than predicted . Since the contribution of the

nonrecoverable component was about twice that of the recoverable component for

the (W) theory, it may be concluded that this is a defect of the work-hardening

approach used in computing the nonrecoverable component of strain. (c) In the

third period of Fig. 1, the data showed more of a “primary” type behavior than

predicted. However, there is no such defect under similar circumstances in
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period 4 of Fig . 3a. This may :klso be a defect of the work hardening concept.

(d) In the step-up tests and recovery at zero stress , there is no ambiguity as

to how the creep limit enters into the calculation . However , on partial unload-

ing the role of the creep limit is less clear.

MODIFICATION OF CONST ITU TIVE EQUAT I ONS ,
(MVV) Theory

Some of the features of the step-down and recovery experiments not properly

described by the (WV ) or (SH) theories are better described by assuming that the

behavior with regard to the creep limits is different for the nonrecoverable

V ye
strain c than for the recoverable strain c as follows :

(A) For the nonrecoverable s t r a i n  component , the strain hardening rule is

still applicable. Upon reduction of stress, this strain rate ~ V 
continues at

the reduced but increasing rate prescribed by the strain hardening rule , (19) ,

(20) and (21)  for example , u n t i l  the current stress °a equals or is less than

the creep limit o~ . When c~ ~ cJ * is zero as prescribed by (1’~), (20)

and (2 1) .  Upon reloading to a stress above the creep limit , the nonrecoverable

strain rate resume s at the rate prescribed by the sam e equations as though

there had been no interval t for which o sx a
(B) For the recoverable strain components , on partial unloading, the

recoverable strain rate 
.ve becomes and remains zero for all reductions of

stress until the total change in stress from the highest stress 0ma.,~ 
prev iously

encountered to the current stress °a 
equals in magnitude the creep limit o~

That is,

.ve 
• 0 when (a - a ) ~ a’ .

Equation ( 2 2 )  can be considered as meaning that f:r a small unloading , the

recoverable strain component is “frozen” until the stress differential is greater

I
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than a ’ before the recovery mechanism Is activated .

Beside s the response that • () under the stress condition described by

(~~ ) for the (MVV ) theory , there are two other possible responses for ~~ under

the stress condition g iven by ( .~~): (a) ~ ‘e o (this has been covered by the

(WV ) theory) and (b) 0 (for small partial unload i ng this is not admiss ible) .

(C) For large part ial un loading , (o
~~~ 

- 0
g
) 0 ’ , the recovery mechanism

b~co ss ac tive and the recovera ble strain component ttav be computed as if

the previous stress continu ed to cause creep and a reverse stress equa l to

- a~~) wa ’. app it ed to the specimen. The recover ab le s t rain rn.tv be com- p

p u t t ..d by the mod i t i e d  s t i p e r p o s i t  i o n  p r i n t  i p le e~~~e~~t that the st ress ‘i s  rep laced  p

by the st recs di (f er e n c e  m nt is 1~~ wh en t h e  st r,”.s Is reduced . Th c sat I s  i i  es the

re~iu i i c i n e nt  I comp let t’ r,u t’vt ’ i t h  I I t v i  upon comp I e I u n l o a d i n g  t or  one s t ep

loading on l~ . I i i i  t i , r ‘i d  ch t i ~~’~ n i ~ I i i~~’l~~ d i I t icul t l es  t ’c a i l s e  ot  non l m ean t

(1)) Up~n increasing th. stress ~~ ‘b ~°b 
> °a~ 

following a period t~

(a dead zone) for which (~, a ) ‘ and • 0 as disc u ssed i n (B)
max a

above , the recoverable strain component E continues In accordance with the

viscoelastic behavior (12) as though the period t~ never occurred . Thus , in

computing the behavior for situations described in (B) and (U) , it Is necessary

to introduce a time shift in equations (I ~). (14) and 1~~) to eliminate the

appropriate period t
,~ 

when is “frozen .” Thus the new time t’ subse-

quen t to a period t,~ • (ti, 
- t

a
) becomes t ’ • t - (ti, 

- ta
) where t is

th. rea l time and ta 
t
1 

are the times when a~ , and o
h 

are app lied .

(I) Of course it i s  os c ible i t not probab le  t h a t  t h e  creep s u r fa c e  i n

stress sp.t~-e de f t i i  I C he c l e e p  L i m i t  ,- h i t i ~ es s i  :e , shap i ’ and p o s i t  ion  as a

result of p 1 ast i v and creep  st r,i ins . However , the n a t  Lire of such changes

i I any, i s flot known i t  p n 

- ~~~~~~~~~~~ - - -
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The predictions of the modified viscous-viscoelastic (MVV) theory computed

in accordance with A through I) above are shown as solid lines in Fig . 1 through

4. [hiss predictions are in accord with the experimental data in Fig. 1, 2, 3A

and 4, and are gene rally be tter representations of the material behavior than

either the (WV ) or (Ski) theories .

However , the small step-down experiments shown in Fig . 3B are best repre-

sented by the (WV ) theory wi th the (SH) theory yielding the next best descrip-

tion of the data . The data in Fig. 38 are an approximation of stress relaxation

in that the stress was held constant at each step until the strain had returned

to its previous value before the stress was reduced again. Also the shape of

the actua l recovery curv e resulting f rom complete unloading following a series

of unloading steps (Fig . 1 period o) is better described by the (WV ) than the

(MW) theory . A similar result was also observed in the recovery following

complete unloading in a creep test under variable combined tension and torsion

(to be reported later).

All the partial step-down tests shown in Fig. 1 and 4 are in the range

where the change in stress is less than the magnitude of the creep limit (hence

there was no contribution from ~~ ) and the stress following the change was

greater than the creep limit (hence &“ would continue at a reduced rate). As

shown for partial step-down tests there was no “recovery” type behavior and the

creep rat. was positive or approaching zero , which was in accord with the (I’WV) ~~
-‘--

theory. Additiona l step-down tests in which the change in stress is greater

than the magn..tude of the creep limit are needed to explore further the role of

th. crisp limit.

1
I

• _

--

~
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AGING

The possibility that aging may have affected the results of the experiments

was investigated further. A tension creep test was performed at 25 ksi stress

at 200 C (392 F) after aging at the same temperature for 95 hr. The results

showed a small increase in creep rate compared to the results of Tests Fl and

lb reported in (11 at the same stress but aged for 18 hr. Ana lysis of the data

yielded the following va lues of the constants in (1) for the test which was aged

for 95 hr.: For best fit n • 0.237 , • 0.2668 per cent , c~
’ a 0.0557 per

cent hr~~ , for n • 0.270 , tO 
• 0.2716 , c~ 0.0S08. The creep rate ~ at

4
1 hr . is g iven h n( . M a k i n g  t h i s  compu ta t i on  for  the three ages .iv iihihlv

y ie l ded  the f o l l o w i n g  creep r a t e s :  A ged 18 h r . ,  t he average of Tests I i  and It~

y i e l d ed v = 0.0085%/hr.; aged 9S hr . = 0 .0 l 3 2~./ h r .  , aged l l P 3  h r . ,  a 
~

I n t er p o l a t i n g  these v a l u e s  on the  b a s i s  of either a log— log relat ion or I inear

t i m e — l o g  s t r a i n — r a t e  r e l at  ion v i c i d e d  an increase  of creep r a t e  from l~ t~~ P h r .

of about per cent  t o r  e i t her  m t  (‘ rpo l at  ion . Thus d u r i n g  t he  t e s t  lug  t i mt’ of

the experiment s reported the  cree’ r a t e  i n c  rca sed about 1/2  per cent )W r h i

w h i c h  ts considered neg ligibl e over the t ime span of th e  ex I ~e r i n w n t s ,

RLiSULTS AND CONCLUSIONS

Analysis of resul ts of creep tests of 2618 aluminum under a variety of

changes in stress during creep in the nonlinear range show that a strain harden-

ing (Ski) theory does not properly describe the behavior on unloading or reloading ;

hut a viscous-viscoelastic theory with certain modifications (P4VV) theory pre-

dicts most of the features of the observed creep behavior quite well.

Among the conclusions are the following :

1. Th. behavior may be represented by resolving the time-dependent strain into

recoverable and nonrecoverable components having the same time dependence.
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e i~~ sm.e LI or em o nut  l e s s  he st  ye s s gre  u t  r i  than .m I i mit ug vat ut’
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tu rth er change in the’ o~t e n t  r e su med creep .uc though the interv al

t did not e\Ist
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Table I. Constants for Equations (2), (3), (4), and (5).

~~~~~~1

• 6.084 x io~~
2, per Pa-hr

tm (0.004195 , % per ksi-hr
tm
)

a -7.431 x 1Q~~~, per Pa
2-hr~ (-0.0003533 , % per ksi ’ -hr~)

F~ 
a 7.596 x io

_28
, per Pa

3
-hr~ (0.0000249 , % per ksi3-hr~)

- 9.143 x ~~~~ Pa (13.26, ksi)

• 7.170 ~ io~~2 , per Pa-hr~ (0.004944 , % per ks i - hr tm)

• 2.703 ~ io
28, per Pa

3
-hr~ (0.00000886 , % per ksi3-hr~)

• 4.571 x ~~~~ Pa (6.630, ks i)

Note:  n 0.2’0 , R = 0 .55 .

I
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F IG UR E CAPTIONS

F i g .  I .  Creep of 2 I8A 1. at .00CC t inder Step l o a d i n g .  Where a theor  i s  not
shown i t  i s  t he same .is the  (MVV ) Theory . Numbers i nd i ca te  period s .

= b9 . 0 MP a ( l b  1.. s i )  ,

= s2 .~ MPa (12 k - s i ) ,

= 9t~.S MPa (14 k - si) .

F i g .  2. Creep of 2bI8AL at 200°C Under Complete Unloading and Reloading to a
Higher  Stress.  Where a theory  i s  not shown it is  the same as the (MVV)
Theory. Numbers  i n d i c a t e  p e r io d s .

= l.Y’ .9 MPa (20 k-si) ,

= 193.1 ~4Pa (28 k-si )

Fig 3A. Creep of . t ’lSAl .  at 200°C Under Comple te  U n l o a d i n g , R e loa d i n g  an d
Step-Up . Where a theory  is not shown i t  is  the  same as the  ( MV\’ )
Theory . N u m b e r s  ind u . c a t e  p e r i o d s .

0
1 

= 119 ..’ MPa (1’ .33 k-sj)

= 143.4 MPa (20 .8 k-si)

Fi g . 38. Creep of 2 ISAL a t  200°C Under Very Small U n l o a d i n g  Steps.  N umbers
ind ica te  p er iods .

= 119.5 MPa (I~
’.33 k - s i )

“2 = 143. 4 Mi’ .u ( 2 0 . 5 k - s i )  , ‘1
= 14 . .0  MPa (20 .t~ k s i )  ,

a 
~~~~~~~ “ll’a (20.4 k - s i )  .

= I .~9 ..~ Mi’~t (20 . ‘

= I .Y . 9 MI’a 20 .0  k - s i  1

F ig. 4 . Creep of 2t~I8A L at .~0O ” C W i t h  S m a l l  Unloading and R eloading .
Numbers i n d i c a t e  pe r iod s .

= 193. 1 ~‘tl’ a i. 25 k - s i
= 1~~9 .4  MPa (2Ct k -si)
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